Lawsonella clevelandensis gen. nov., sp. nov., a new member of the suborder Corynebacterineae isolated from human abscesses
Gram-stain-positive, partially acid-fast, non-spore-forming, anaerobic, catalase-positive, pleomorphic bacteria were isolated from human abscesses. Strains X1036
T , X1698 and NML 120705, were recovered from a spinal abscess, a peritoneal abscess and a breast abscess respectively. A phylogenetic analysis of the 16S rRNA gene sequences showed that the strains shared 100 % similarity, and the nearest phylogenetic neighbour was Dietzia timorensis DSM 45568 T (95%). Chemotaxonomic characteristics of the strains were consistent with those described for members of the suborder Corynebacterineae. Mycolic acids were detected using HPLC and one-dimensional TLC; whole-cell hydrolysates yielded meso-diaminopimelic acid with arabinose and galactose as the predominant sugars; the muramic acid acyl type was acetylated; the major menaquinone was MK-9 (96.3%); polar lipids detected were phosphatidylglycerol, phosphatidylinositol and an unknown glycophospholipid. Cellular fatty acids were hexadecanoic acid (C 16 : 0 ), octadecenoic acid (C 18 : 1 !9c) and decanoic acid (C 10 : 0 ). Tuberculostearic acid was not detected. Based on the results of this polyphasic study, we conclude that these strains represent a novel genus and species within the suborder Corynebacterineae for which we propose the name Lawsonella clevelandensis gen. nov., sp. nov., with the type strain X1036 Previously, Harrington et al. (2013) published a report of four cases of human abscess from which an unidentified fastidious, Gram-stain-positive, partially acid-fast bacillus was detected. Based on nearly full-length 16S rRNA gene sequence similarity values (100 %) and the distinctive morphological and phenotypic characteristics shared by these strains, they were believed to belong to the same genus and species. Two strains (X1036 T and NML 120705) of the four remained viable and were available for analysis. Since that publication, other cases have been identified with one strain, X1698, confirmed and characterized. All strains required an environment of less than 1.0 % oxygen tension for growth which, based on acid-fast staining behaviour, was suggestive of an anaerobic mycolic-acid-producing bacterium. Considering this an unusual characteristic, the strains were further investigated.
Little is known about the ecology of this organism. Strains have been isolated only from human sources: a spinal abscess, two breast abscesses, a liver abscess and a peritoneal abscess (unpublished), all in different geographic locations in the USA and Canada. The cases shared the following common characteristics: isolation from abscess material; three individuals were immunocompromised with extensive medical histories and all but one had been diagnosed with diabetes mellitus type II (Harrington et al., 2013; unpublished) . Due to the fastidious nature of this organism and the lengthy incubation time required, it could be an often overlooked opportunistic pathogen originating as part of the normal human microbiome. Further studies are needed to identify the ecological niche of this new taxon.
Analysis of the nearly full-length 16S rRNA gene sequence confirmed that the strains indeed belonged within the suborder Corynebacterineae but did not fall within an existing family or genus based on similarity values (<95 %) to the nearest relative. Two strains (X1036 T and X1698) were then characterized using a polyphasic approach to establish their taxonomic standing within the suborder. Here we describe the morphological, phenotypic and chemotaxonomic characteristics of these strains. Based on our results, we conclude that these strains represent a novel genus and species within the suborder Corynebacterineae for which we propose the name Lawsonella clevelandensis gen. nov., sp. nov. Strain X1036
T is designated as the type strain.
Preliminary descriptions and the details of isolation methods from clinical samples for strain NML 120705 (isolated in Winnipeg, Manitoba, Canada) and strain X1036 T (isolated in Cleveland, OH, USA) were described previously (Harrington et al., 2013) . For characterization studies, X1036
T was grown on CDC anaerobic blood agar (CDCAB; BD) at 35 C using an anaerobic gas pack (BD) in an anaerobe jar. Strain X1698 was isolated in monoculture from a peritoneal abscess in a 64-year-old male in Cleveland, OH, USA, following a partial pancreatic resection due to a pancreatic neuroendocrine tumour (unpublished). The strain was referred to the Special Bacteriology Reference Laboratory at the Centers for Disease Control and Prevention for identification. There, X1698 was maintained on CDCAB at 35 C using an anaerobic gas pack (BD) in an anaerobe jar.
Morphological and staining characteristics (Gram's stain and modified Kinyoun's acid-fast), optimal growth temperature and oxygen requirements of strains X1036 T and X1698 were determined from growth under the conditions described above at 14 days. A Zeiss light microscope was used to observe cell shape and staining characteristics at Â1000. For transmission electron microscopy imaging, cells were harvested at 14 days post-inoculation, fixed in 2.5 % glutaraldehyde and embedded in an Epon-substitute/Araldite epoxy resin (Mollenhauer, 1964) . Sections were stained with uranyl acetate and lead citrate prior to viewing at the transmission electron microscope (Tecnai Spirit, FEI). Optimal growth temperature and oxygen requirements were tested at 25, 35 and 45 C in air, in a candle jar, with a Campy Pak (BD) and in anaerobic conditions (anaerobe jar and anaerobe chamber) on CDCAB. Catalase reaction was tested by the application of a few drops of 3 % hydrogen peroxide to fresh cell mass harvested and transferred to a glass slide.
Due to the fastidious nature and fine growth of these strains, biochemical analysis was limited to sole carbon source utilization testing of 18 carbohydrates on solid media using an adapted method of Berd (1973) . Haemin (0.005 g l À1 ), vitamin K1 (0.01 g l
À1
) and sheep blood 5 % were added to the carbon utilization test medium described by Berd (1973) . Cells were harvested from growth on CDCAB after 7 days and suspended in sterile water to a McFarland standard of 1.0. Ten microlitres of this suspension was used to inoculate the test medium. After 21 days, cell mass generated on each carbon source was visually compared to cell mass generated on basal medium without a carbon source. Carbon source utilization testing was repeated twice to confirm results. Hydrolysis, lysozyme resistance and antimicrobial susceptibility could not be tested due to the fastidious nature of these bacteria.
All chemotaxonomic analyses were performed on cell mass harvested after 14 days (early stationary phase) and freeze dried until use in each of the applications.
Cellular fatty acid analysis was repeated three times. Cell mass was generated under the following conditions: trypticase soy agar with 5 % sheep blood (TSA) (BD) and brain heart infusion agar with 5 % sheep blood (BHI) (made inhouse) in anaerobic conditions (GasPakTM EZ Anaerobe Container System with Indicator, BD). Bacteria were grown on TSA at 37 C and on BHI at 28 and 37 C. Fatty acid methyl esters were extracted using the Sherlock Microbial Identification System (MIDI) version 6.1 as described by K€ ampfer & Kroppenstedt (1996) , Kuykendall et al. (1988) and Miller (1982) . Analysis was carried out with an Agilent Technologies 6890N gas chromatograph equipped with a phenylmethyl silicone fused silica capillary column (HP-2.25 mÂ0.2 mmÂ0.33 µm film thickness) and a flame ionization detector. Hydrogen was used as the carrier gas. The temperature programme was initiated at 170 C and increased at 5 C min À1 to a final temperature of 270 C. The relative amount of each fatty acid was expressed in terms of the percentage of total fatty acids using the QBA1 (BHI +blood) and QTSA1 (TSA+blood) peak naming library.
Whole cell hydrolysates were examined by TLC for the presence of 2,6-diaminopimelic acid isomers by the methods of Schumann (2011) Yassin (2011) . The muramic acid acyl type was determined using the method described by Uchida et al. (1999) HPLC detection of mycolic acids was performed using 10 mg of cell mass from X1036 T . The positive control was Rhodococcus rhodochrous strain DAP 96253 grown on yeast extract (10 g) malt extract (10 g) agar (20 g) (YEMEA) supplemented with cobalt (100 p.p.m.), urea (7.5 g), and glucose (4 g) for 7 days at 30 C (Tucker et al., 2012; Dietz & Thayer, 1980) . Cells were combined with 2 ml of saponification reagent (200 g KOH, 400 ml deionized water and 400 ml methanol) and mixed for 30 s, then autoclaved for 80 min at 121 C. The cooled mixture was combined with 1.5 ml of acidification reagent (6 M HCl) and shaken for 30 s. Mycolates were extracted twice with 2 ml dichloromethane (DCM). Pooled extracts were heat dried at 87-93 C under nitrogen (Sokolovska et al., 2003) . Derivatization for UV detection was by the method of Durst et al. (1975) . Mycolic acid content and abundance were documented by examining the HPLC profiles of the extracted mycolic acids. Dried samples of derivatized mycolic acids were re-solubilized in 500 µl DCM. HPLC analysis was performed using a Series 200 HPLC instrument (Perkin Elmer) equipped with a UV detector. Samples (5 µl for all samples except X1036 T where 10 µl was used) were injected onto a Novapak reversed-phase C18 column (Waters) (3.9 mm by 300 mm, 4 µm, 60 Å). The mobile phase used methanol and dichloromethane, in a complex step gradient, 0-13 min, 0-10 %; 13-17 min, 10-25 %; 17-34 min, 25-75 %; 34-41 min, 30-70 %; 41-45 min, 100-0 %. The flow rate was 1 ml min À1 , and the detector was set at 254 nm (Sokolovska et al., 2003) .
Confirmation that the presence of C 10 : 0 in the fatty acid methyl ester analysis was cellular and not a product of pyrolysis from the mycolic acids in the cell wall was performed according to the methods of Komagata & Suzuki (1987) . Whole-cell acid methanolysates were analysed by one-dimensional TLC, and the non-hydroxylated fatty acids were examined by the MIDI system. D. maris DSM 43672 T and M. smegmatis DSM 43756
T were used as reference.
Polar lipids and menaquinones were analysed by two-dimensional TLC and HPLC as previously described by Tindall (1990a, b) . Respiratory lipoquinone extractions were carried out using a methanol/hexane solvent system (1:2, v/v), and the phases separated in hexane. Polar lipids were extracted from the methanol/cell debris/aqueous 0.3 % NaCl mixture obtained from the respiratory lipoquinone extraction. Menaquinones were separated from other respiratory lipoquinones by TLC and further analysed by HPLC using Tsukamurella paurometabola DSM 20162 T as the reference.
Genomic DNA from X1036 T and X1698 was purified using the Epicentre Metagenomic DNA Isolation Kit for Water (Illumina). Amplification and sequencing of a 1441 bp fragment of the 16S rRNA gene was as described by Lasker et al. (2011) . The 16S rRNA gene sequence was analysed using the Basic Local Alignment Search Tool (http://blast.ncbi. nlm.nih.gov/Blast.cgi). Sequence data was assembled using Geneious 5.5.6 and a Clustal W distance matrix was created with 16S rRNA sequences of representative species, including type species, from genera within the suborder Corynebacterineae. A phylogenetic tree of the aligned sequences was inferred using the neighbour-joining method, and topology was assessed by bootstrap analysis of 2000 replicates using MEGA5 (Tamura et al., 2011) .
Genome libraries were prepared using the NEB Ultra DNA Library Prep kit (New England Biolabs), according to manufacturer's instructions, on a Perkin Elmer Sciclone NGS robot. Sequence reads were 100Â100 bp paired-end reads on a HiSeq2500 (Rapid mode).
Colonies recovered on solid media were pinpoint and waxy, never growing to more than 2-3 mm in diameter, often becoming visible at 5-7 days. At early stages of growth, cells were Gram-stain-positive and partially acid-fast, and were small, irregular cocci with an occasional short rod and prominent dark (Gram's crystal violet) staining, large, round cells. With age, cells became Gram-stain-variable, still partially acid-fast, and mostly bacillary up to 2 µm in length. The large round cells were not acid-fast and were visible throughout all growth phases. Transmission electron microscopy imaging showed a multi-septate division pattern with evidence of snapping division (Fig. 1) . Colony and Gram-stain morphology recovered from CDCAB was uniform for all strains and could be considered a defining characteristic of this species. Strains could not be maintained in broth or semisolid media. Growth was obtained under CampyPak (BBL) and anaerobic conditions at 25 and 35 C. The strains grew best in an environment with an oxygen tension at less than or equal to 1.0 % at 35 C, including the stringent environment of an anaerobe chamber. Minimum incubation time for visible colonies was 5 days. Galactose, glucose, glycerol, lactose, maltose, salicin and sucrose were utilized, while L-arabinose, cellobiose, i-erythritol, myo-inositol, D-mannitol, mannose, L-rhamnose, D-sorbitol, trehalose and D-xylose were not. Growth was inhibited in the presence of D-fructose.
Whole-cell hydrolysates of strain X1036 T yielded meso-diaminopimelic acid as the diaminopimelic acid isomer with arabinose and galactose as the major sugars. The muramic acid acyl type was acetylated. Whole-cell acid methanolysates released esters of mycolic acids which were detected by HPLC and characterized by one-dimensional TLC according to the methods of Yassin (2011) . Cells of strain X1036
T were found to produce a-mycolic acids of similar chain length and R f value to those of D. maris DSM 43672 T (see Fig. S1 , available in the online Supplementary Material). Together these data support the assignment of strain X1036
T to the suborder Corynebacterineae with cell wall chemotype IV (Kroppenstedt, 1985; Lechevalier & Lechevalier, 1970) . The major menaquinone was MK-9 (96.3 %). While fully unsaturated menaquinones are predominantly reported among genera of the suborder Corynebacterineae which lack mycolates, the mycolate-producing genus Tsukamurella has been the exception (Collins et al., 1988) . Polar lipids detected were phosphatidylglycerol, phosphatidylinositol and an unknown glycophospholipid (see Fig. S2 ). As reported by Lechevalier et al. (1977) , phospholipid composition of actinomycetes can be used in taxonomic placement of unknown strains. Genus-specific patterns were discerned and reported in 1977 and these patterns are relied upon today as key chemotaxonomic markers for genus assignment within the order Actinomycetales (Goodfellow, 1989; Lechevalier et al., 1977) . The phospholipid pattern identified in strain X1036 T was a unique but limited combination of phospholipids found within the order Actinomycetales. Phosphatidylinositol mannosides and phosphatidylethanolamine, useful markers for classification of actinomycetes, were missing in X1036 T . The presence of phosphatidylglycerol and phosphatidylinositol together and in the absence of other phospholipids is unique and could be considered a defining characteristic of this new taxon (Lechevalier et al., 1977) .
Along with the previously discussed chemotaxonomic characteristics, cellular fatty acid profiles are particularly useful for classification and taxonomic placement within the suborder Corynebacterineae. Within this group, mycolate-producing genera contain mostly saturated and monounsaturated cellular fatty acids (Collins et al., 1982; Kroppenstedt, 1985) . The most abundant fatty acids identified in strain X1036
T were hexadecanoic acid (C 16 : 0 ) (32.4 %), octadecenoic acid (C 18 : 1 !9c) (14.2 %) and decanoic acid (C 10 : 0 ) (15.1 %). These results are consistent with those reported previously for NML 120705 (Harrington et al., 2013) . Cellular fatty acid analysis was repeated three times under varied conditions to gain a more complete understanding of the growth characteristics of this new taxon. The presence of C 10 : 0 in X1036 T is not characteristic of organisms in the suborder Corynebacterineae and can result from the breakdown of the 2-alkyl branch of mycolic acids via pyrolysis at the injection port of the GC. To ensure the source of C 10: 0 was from the cellular fatty acids, the whole cell acid methanolysates were analysed by onedimensional TLC and the non-hydroxylated fatty acids (labelled as F in Fig S1) (Komagata & Suzuki, 1987) were examined using the MIDI system. The results indicated the source of C 10 : 0 as cellular and not from the pyrolysate of mycolic acids. Table S1 gives detailed results of the cellular fatty acid profiles of X1036 T . Tuberculostearic acid (10-methyl-octadecanoic acid), also considered an important marker for assignment to the suborder, was not detected in X1036 T . Members of one other genus within this group, Smaragdicoccus, also do not produce tuberculostearic acid (Goodfellow & Monaldo, 2012) . A summary of differential chemotaxonomic characteristics for all genera in the suborder Corynebacterineae can be found in Table 1. When combined, the sum of the distinctive chemotaxonomic characteristics of X1036
T supports the assignment of this new taxon to the suborder Corynebacterineae but not within an existing genus (Goodfellow, 1989 , Lechevalier et al., 1977 .
A neighbour-joining tree predicted from an alignment of nearly full-length 16S rRNA gene sequences showed the distinct position of strains X1036 T , X1698 and NML 120705 within the suborder Corynebacterineae (Fig. 2) . The corresponding similarity values ranged from 87 to 95 %. Branching was nearest to the Dietzia, Tsukamurella and Corynebacterium clades. All three strains of the proposed new taxon shared identical 16S rRNA gene sequences and are believed to belong to the same species. High quality, single contig, genomic sequence data was obtained for X1036 T and X1698. Average nucleotide identity (ANI) values between the strains was estimated at >99.5 %, confirming that they belong to a single species (Kim et al., 2014) . Genomes were circular and averaged 1.8 Mb in length (Nicholson et al., 2015) . No plasmid or associated phage was detected (Nicholson et al., 2015) . The DNA G+C content for strains X1036
T and X1698 was 58.6 mol%.
Description of Lawsonella gen. nov. Gram-stain-variable to Gram-stain-positive, partially acidfast, non-spore forming bacteria. Anaerobic and chemoheterotrophic with a respiratory metabolism. Cells produce meso-diaminopimelic acid as the diagnostic diamino acid with arabinose and galactose as the major cell-wall sugars. The muramic acid acyl type is acetylated. Short chain amycolic acids are produced. Major cellular fatty acids are straight-chained saturated and monounsaturated. Tuberculostearic acid is not produced. Polar lipids produced are phosphatidylglycerol, phosphatidylinositol and an unknown glycophospholipid. The major menaquinone is fully unsaturated, MK-9. Based on 16S rRNA gene sequence analysis, this novel genus forms a distinct monophyletic line within the suborder Corynebacterineae. The G+C content of the DNA of the type species is 58.6 mol%. The type species of the genus is Lawsonella clevelandensis.
Description of Lawsonella clevelandensis sp. nov.
Lawsonella clevelandensis (cleve.land.en¢sis. N.L. fem. adj. clevelandensis of Cleveland, Ohio, the city of origin of the type strain). *S, straight chain saturated fatty acids; U, straight chain unsaturated fatty acids; T, tuberculostearic acid. †SQA and SQB, smaradiquinones A and B. ‡Corynebacterium amycolatum, C. atypicum, C. caspium, C. ciconiae, C. kroppenstedtii, C. lactis are lacking mycolic acids. PE is present in Corynebacterium bovis and C. urealyticum. Trace to small volumes of tuberculostearic acid were detected in some species of the genus Corynebacterium. §Cellular fatty acids other than TBSA were not determined.
Cells are a mixture of pleomorphic cocci and bacilli (0.5-1.0 µm in width and up to 2 µm in length). Bacilli are more numerous with aging cultures. On CDC anaerobic blood agar (BBL), colonies are pinpoint, crystalline or waxy, and very fine, producing little biomass. Growth is best supported on CDC anaerobic blood agar (BBL) supplemented with haemin and vitamin K. Optimal temperature for growth is 35 C with minimal growth at 25 C and none at 45
C. An environment of less than or equal to 1.0 % oxygen tension is optimal. Incubation time is 5-7 days before colonies are visible and 14 days to begin to reach stationary phase. Growth is not recovered in liquid or semisolid media. Galactose, glucose, glycerol, lactose, maltose, salicin and sucrose are utilized. L-Arabinose, cellobiose, i-erythritol, myo-inositol, D-mannitol, mannose, L-rhamnose, D-sorbitol, trehalose and D-xylose are not utilized. Growth is inhibited in the presence of fructose as sole carbon source.
The type strain is X1036 T , which was recovered from a human spinal abscess. It has been deposited in the German Collection of Microorganisms and Cell Cultures, Germany, as strain DSM 45743
T and Culture Collection University of Götenborg, Sweden, as strain CCUG 66657
T .
